Aims Iron deficiency worsens symptoms, quality of life, and exercise capacity in chronic heart failure (CHF) and might do so by promoting fluid retention. We assessed whether iron repletion improved congestion in CHF and appraised the prognostic utility of calculated plasma volume status (PVS), a novel index of congestion, in the FAIR-HF data set. Methods and results In FAIR-HF, 459 iron deficient CHF patients were randomized to intravenous ferric carboxymaltose (FCM) or saline and assessed at 4, 12, and 24 weeks. Using weight and haematocrit, we calculated PVS in 436 patients. At baseline, PVS and weight were À5.5 ± 7.7% and 76.9 ± 14.3 kg, with peripheral oedema evident in 35% of subjects. Higher PVS values correlated to other congestion surrogates such as lower serum albumin. At 4 weeks, FCM was associated with greater reductions in weight (0.02) and PVS (P < 0.0001), and a trend for improved peripheral oedema at 24 weeks (0.07). Irrespective of treatment allocation, patients with a decrease in PVS from baseline to week 24 had higher increments in 6 min walking distance (61.4 m vs. 43.5 m, 0.02) and were more likely to improve their NYHA class (33.3% vs. 15.5%, 0.001). A PVS > À4% at baseline predicted worse outcomes even after adjustment for treatment assignment (hazard ratio 1.88, 95% confidence interval 1.01-3.51, 0.046). Conclusions Intravenous iron therapy with FCM is associated with early reductions in PVS and weight, implying that decongestion might be one mechanism via which iron repletion aids CHF patients. Calculated PVS is of prognostic utility in this cohort.
Introduction
Iron deficiency (ID) worsens symptoms, exercise capacity, and hospitalization rates in chronic heart failure (CHF), [1] [2] [3] but the underlying mechanism(s) remain obscure. Because congestion drives dyspnoea, exercise intolerance, and hospital admissions in CHF, 4,5 ID might be detrimental by directly or indirectly augmenting fluid retention. In experimental animals and humans, ID has been shown to elevate circulating catecholamine levels that promote congestion in CHF, 6, 7 and in the small FERRIC-HF trial, intravenous (IV) iron sucrose significantly reduced body weight compared with placebo.
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To date, no study has appraised the impact of iron therapy on clinical congestion in a large CHF population, and none have addressed this interaction using newer and potentially more reliable metrics of fluid overload.
Plasma volume (PV) expansion underlies systemic congestion in CHF and can be objectively estimated using validated equations based on weight and haematocrit (Hct). 9, 10 In a prior analysis, calculated PV values were shown to significantly mirror those measured using gold standard radioisotope assays. Moreover, in a trial data set of 5002 CHF patients, relative PV status (PVS), derived by subtracting calculated ideal from actual PV levels, predicted outcomes even after adjustment for 22 variables including natriuretic peptides.
11
We sought to determine the distribution, correlates, and prognostic utility of calculated PVS in CHF patients enrolled in the large FAIR-HF (Ferric carboxymaltose Assessment in patients with Iron deficiency and chronic Heart Failure) trial. 12 Moreover, we investigated the impact of IV iron therapy with ferric carboxymaltose (FCM) on calculated PVS and clinical congestion in this cohort. Our co-primary hypotheses were that PVS levels would be predictive of outcomes and that iron repletion would trigger early reductions in PVS and clinical congestion consistent with a possible direct interaction between ID and volume overload in CHF.
Methods

Study design and patients
The design and primary results of the FAIR-HF trial have been reported previously.
12
Briefly, FAIR-HF was a multicentre, randomized, double-blind trial including 459 ambulatory patients with NYHA class II or III CHF, 13 an left ventricular ejection fraction (LVEF) ≤40% (NYHA II) or ≤45% (NYHA III), ID as defined by a ferritin <100 ug/L or 100 to 299 ug/L with a transferrin saturation <20%, and a haemoglobin (Hb) level between 9.5 and 13.5 g/L. Patients were randomized in a 2:1 ratio to IV iron as FCM or IV placebo (saline) weekly until iron repletion (correction phase), then 4 weekly until week 24 (maintenance phase). Regular assessments were done at weeks 4, 12, and 24. After 24 weeks of treatment, patients randomized to IV FCM had significant improvements in Patient Global Assessment, NYHA class, and 6 min walking distance (6MWD), compared with patients allocated to saline. The Hct and weight at randomization were used for PVS calculations and were available in 436 (95%) patients whose data were therefore used in this post hoc analysis. The FAIR-HF trial was conducted in accordance with the Declaration of Helsinki, with independent Institutional Review Board or ethics committee approval at all participating centres, and with written informed consent from all patients.
Plasma volume equations
Actual PV was calculated with the following equation that was derived by curve-fitting techniques using subjects' Hct and weight compared with PV values measured with gold standard radioisotope assays 9 :
where Hct is a fraction and a = 1530 in men and 864 in women, and b = 41 in men and 47.9 in women. Ideal PV was calculated from the following well-established formula 10 :
where c = 39 in men and 40 in women.
Relative PVS, an index of the degree to which patients have deviated from their ideal PV, was subsequently calculated from the following equation:
Clinical congestion
Patients were weighed and examined for signs and symptoms of congestion at randomization and at weeks 4, 12, and 24.
The presence or absence of peripheral oedema, pulmonary congestion (crackles and rales), and an S3 gallop (third heart sound) were recorded, as was the actual jugular venous pressure (JVP).
Statistics
Data are presented as mean ± SD, frequencies (%), or medians (interquartile range). Intergroup comparisons were made using a Kruskall-Wallis analysis of variance, analysis of covariance, Student t-test, Pearson χ 2 test, or a MannWhitney U-test as appropriate. Associations between variables were determined using logistic regression. A P-value <0.10 was used to enter and retain covariates into stepwise multivariable regression models.
To assess the impact of treatment assignment on PVS, comparisons of changes in PVS from baseline at 4, 12, and 24 weeks between the placebo and FCM group were evaluated by comparing the least square means at each visit from a repeated-measures model using an unstructured covariance structure and adjusting for the continuous baseline value and a visit × drug interaction. Changes over time for other variables were similarly determined.
For prognostic analyses, the key safety endpoint was the combined outcome of all-cause death or hospitalization. The relation between safety endpoints and baseline PVS as a continuous or categorical (≤À4% vs. >À4%) variable was determined using Cox proportional hazards analyses. This categorical cut-off was previously shown to best stratify outcomes in a large CHF cohort. 11 In Cox analyses, the proportional hazard assumption was assessed by inspection of the log time-log hazard plot. The event rate using a person-time 'at risk' denominator, hazard ratio (HR), 95% confidence
interval (CI), and significance levels for χ 2 (likelihood ratio test) were calculated. Kaplan-Meier cumulative survival plots were constructed for display and assessed using the log-rank test. Data were analysed using SAS version 9.2 (SAS Institute Inc, Cary, NC). A two-tailed P-value <0.05 was considered statistically significant.
Results
Calculated plasma volume status in FAIR-HF and its baseline correlates
Baseline characteristics of the FAIR-HF cohort have been previously published.
12 In brief, the clinical and laboratory features of patients at enrolment were similar between those randomized to FCM (n = 304) and those randomized to placebo (n = 155). The baseline characteristics of the 436 patients included in this substudy are shown in Table 1 . Their mean weight-adjusted actual PV, weight-adjusted ideal PV, and PVS were 37.3 ± 3 mL/kg, 3036.6 ± 573.2 mL/kg, and À5.5 ± 7.7%, respectively. Values of PVS ranged from À25% to +24%. A PVS ≤0 or ˃0 was evident in 350 (80.3%) and 86 (19.7%) patients, respectively ( Figure 1 ). The mean JVP was 1.9 cm with 9.2% of patients having an elevated JVP (>4 cm), and 35%, 23%, and 12% of patients having peripheral oedema, pulmonary oedema, and an S3 gallop, respectively. On stratification, patients who were estimated to have a relatively increased PV (i.e. a PVS > 0%) tended to be older and female with biochemical markers of potentially greater fluid retention such as a lower serum albumin, higher blood urea nitrogen, and a lower estimated glomerular filtration rate than those with a PVS ≤ 0% ( Table 1) . They also had poorer haemodynamics and less premorbid hypertension. In a multivariable model incorporating age, gender, systolic blood pressure, albumin, estimated glomerular filtration rate, LVEF, and the use of diuretics, ACE inhibitors and β-blockers, only age (odds ratio 0.97, 0.02), systolic blood pressure (odds ratio 1.02, 0.01), and serum albumin (odds ratio 1.13, 0.01) independently predicted PVS.
Impact of ferric carboxymaltose on calculated plasma volume status and clinical congestion
At baseline, mean PVS was similar in the FCM (À5.3% ± 7.7%) and placebo (À6% ± 7.8%) groups. Over time, treatment with FCM was associated with significant reductions from baseline in PVS at week 4 (À2.5 ± 5.9% vs. 0.6 ± 4.3%), 12 (À3.9 ± 6.8% vs. 0.2 ± 5.3%), and 24 (À4.1 ± 7.4% vs. À2.0 ± 5.5%), compared with placebo [ Figure 2A ]. The treatment effect was maximal at week 12. Treatment with FCM was also associated with significant increases from baseline in Hct at week 4 (0.02 ± 0.04% vs. À0.004 ± 0.03%), 12 (0.03 ± 0.04% vs. À0.002 ± 0.04%), and 24 [0.03 ± 0.05% vs. 0.01 ± 0.04%; Figure 2B ]. In contrast, FCM treatment was associated with a significant reduction from baseline in weight at week 4 (À0.2 ± 2.4 kg vs. 0.3 ± 1.8 kg), but not at week 12 (0.2 ± 3.0 kg vs. 0.6 ± 3.3 kg), or 24 [0.3 ± 3.2 kg vs. 0.6 ± 3.7 kg; Figure 2C ]. Similar to the effect on PVS, there was an improvement in peripheral oedema with FCM treatment compared with placebo [ Figure 2D ] that did not reach statistical significance. Similar improvements in jugular venous distension (0.54), pulmonary oedema (0.35), or the presence of an S3 gallop rhythm (1.00) with FCM treatment were not evident.
Clinical correlates of change in calculated plasma volume status
A total of 309 (70.9%) patients survived to week 24 and had sufficient data to calculate change in PVS. From baseline to week 24, mean change in PVS (ΔPVS) in this cohort was À3.5 ± 6.9%, with volume expansion (ΔPVS > 0%) evident in 93 (30.1%) patients. Compared with those with volume expansion, patients with decreasing volume status were more likely to improve their NYHA status by at least one class (33.3% vs. 15.1%, 0.005) despite adjustment for treatment and the interaction term for PVS change and treatment (0.23 for interaction). In the subgroup of patients who received FCM, NYHA class improved in 36.3% in those with ΔPVS ≤ 0% compared with 21.4% in those with ΔPVS > 0%. Similarly, in the placebo-treated subgroup, NYHA class improved in 25% and 5.4% of those with ΔPVS ≤ 0% and >0%, respectively. In contrast, while improvements in exercise capacity, as reflected by Δ6MWD, was greater in those with ΔPVS ≤ 0% (43.5 m vs. 26.8 m, 0.02), this became nonsignificant (0.13) after adjustment for treatment and the interaction term for PVS change and treatment (0.65 for interaction).
Calculated plasma volume status and outcomes in FAIR-HF
Safety endpoints are listed in Table 2 . During the study period, 55 (13%) patients experienced the key safety endpoint of all-cause death or hospitalization, 9 (2%) died from any cause, 8 (2%) experienced a cardiovascular death, 3 (1%) experienced a CHF death, 46 (11%) were hospitalized for any cause, and 25 (6%) died or were hospitalized for worsening CHF.
A PVS cut-off of À4% was previously shown to be optimally predictive of outcomes in a large CHF cohort.
11 In this
Effect of ferric carboxymaltose on calculated plasma volume status and clinical congestion: a FAIR-HF substudy FAIR-HF population, patients with a baseline PVS > À4% experienced a higher incidence of all safety endpoints than those with a PVS ≤ À4%, with the difference in incidence statistically significant for the key safety endpoint of all-cause death or hospitalization. In Cox analyses, a PVS > À4% was associated with an 89% (unadjusted HR 1.89, 95% CI 1.05 to 3.40, 0.03) greater risk of the key endpoint ( Figure 3) our calculated value of 37 ± 3 mL/kg. This contrasts to the higher PV levels measured in decompensated CHF patients (58 ± 3 mL/kg) and healthy controls (43 ± 3 mL/kg) 16 and reflects the impact of optimal medical and device-based Effect of ferric carboxymaltose on calculated plasma volume status and clinical congestion: a FAIR-HF substudy therapies on volume status. Consistent with the aforementioned PV levels, and the fact that the ideal PV equation was originally derived in normal individuals, it is unsurprising that patients in FAIR-HF had mean PV levels that were~5% lower than their estimated ideal. This contraction of PV in CHF is important as it likely allows the failing myocardium to continue to operate on a reasonable portion of the Frank-Starling curve.
Concordant with its potential utility as a surrogate of volume overload, calculated PVS was higher in patients with features of greater disease severity such as poorer haemodynamics and correlated to key biochemical markers of congestion. This included serum albumin that is known to modulate plasma oncotic pressure. 17 These associations, together with our prior demonstration of a good correlation between calculated and measured PV levels, 11 supported our use of the PVS equation to gauge changes in intravascular filing with IV FCM. Treatment with FCM was associated with reductions in PVS at 4 weeks and the fact that this was paralleled by attenuations in weight, which is a clinical barometer of congestion, suggests that FCM might have had a true and early decongestive effect. This is consistent with the FERRIC-HF trial that showed a 4.6 kg relative reduction in weight with IV iron sucrose compared with control over 16 weeks.
8 It also accords with Toblli et al. who reported a 1.5 kg/m 2 relative reduction in body mass index with IV iron sucrose vs. saline over 6 months. 18 In contrast, no meaningful changes in other physical markers of congestion were seen with FCM. This likely reflects the subjective nature of physical examinations, especially in the setting of multicentre trials. While definitive answers cannot be given, several mechanisms might explain the reduction in PVS seen with FCM. Treatment with FCM might have been linked to attenuations in PVS for a number of reasons. First, it could be argued that decrements in PVS merely reflect the increments in Hct seen with FCM and are not truly indicative of a change in congestion. However, FCM treatment was also accompanied by reductions in weight. Given that weight is a clinically accepted gauge of short-term PV changes and that no evidence exists to suggest that FCM triggers non-oedematous weight loss, it is likely that FCM truly diminished congestion. This diminution might have been indirect by virtue of iron repletion improving myocardial function leading to downstream improvements in global clinical status and congestion. Alternatively, FCM might have improved renal function 19 and/or directly modulated key aspects of the CHF syndrome such as the neurohormonal axis to trigger decongestion. This is plausible given that ID Figure 3 Baseline PVS categories (≤À4% vs. >À4%) and survival. PVS, plasma volume status. enhances circulating catecholamine levels that promote congestion partly by activating the renin-angiotensinaldosterone cascade. 6, 7, 20 This direct mode of action appears more credible given that 4 weeks is conventionally too short for any agent to significantly remodel the failing myocardium, and IV iron repletion in CHF has yet to be shown to improve LVEF on echocardiography. 2, 8 Irrespective of the underlying mechanism(s), changes in PVS over time correlated to alterations in other indices of CHF status. Temporal increases in PVS were accompanied by worsening symptoms. This likely reflects the combination of impaired tissue oxygenation because of lower haemoglobin levels, decreased effort tolerance because of weight gain, and impaired lung and skeletal muscle function as a result of tissue congestion. That changes in PVS were linked to changes in key markers of survival suggested that it too might also be related to mortality.
Similar to the findings in the larger VaL-HeFT population,
11
calculated PVS as a continuous or dichotomized (≤À4% vs. >À4%) variable forecasted deaths and hospitalizations in the FAIR-HF cohort. Moreover, it did so after adjustment for treatment allocation implying that the associations elucidated here were not simply driven by FCM. This is consistent with the ominous nature of other surrogates of congestion such as elevated pulmonary capillary wedge pressures, ultrasound indices of raised intracardiac filling, jugular venous distension, a third heart sound, congestive symptoms, and natriuretic peptides. [21] [22] [23] [24] [25] Calculated PVS might be prognostic because it truly reflects fluid retention that could be a marker or mediator of CHF progression. Alternatively, it may only be mirroring the prognostic implications of weight and Hct or other factors in CHF that modulate these variables. Our study has limitations. First, it is a retrospective post hoc analysis of the FAIR-HF trial with all the inherent weaknesses this entails including the inability to establish a causal relation between correlated variables. Second, like all surrogates of congestion, the PVS equation is not perfect, underestimates true volume status, and has so far only shown modest correlation with invasively determined PV in CHF patients in a retrospective study.
11 Additional refinements of this equation are likely needed but, ultimately, the true utility of PVS can only be gauged via prospective interventional studies. Third, we did not quantify PV directly, and further studies are needed to investigate the impact of IV iron repletion on volume status as measured using radioisotope techniques. For now, the results presented in this analysis should be considered hypothesis generating. In summary, IV iron therapy with FCM is associated with reductions in PVS and weight even as early as 4 weeks after treatment initiation. This supports a potential decongestive effect of IV iron therapy in CHF that might be one mechanism via which iron repletion improves symptoms, quality of life, and exercise performance in this population. Calculated PVS, a simple novel marker of fluid overload, predicted deaths and hospitalizations in the FAIR-HF cohort irrespective of treatment assignment.
